Background: In the University Medical Centre Mainz, standard concentrations are defined for medicinal products to be administered by continuous injection with syringe pumps in adult intensive care patients. The objective of this study was to evaluate the physicochemical stability of ready-to-use and ready-to-administer preparations containing Epinephrine (E) and Norepinephrine (NE) in standardized concentrations and prepared batch wise in the pharmacy department as basis for assigning shelf-lives. Methods: E 20 µg/mL and NE 10 µg/mL in disposable syringes and NE 40, 100, 200, 400 µg/ml in 50 ml amber type I glass vials were prepared batch wise and the concentrations were analyzed by stability-indicating, validated reversed-phase HPLC-PDA assays. Test solutions for long-term stability studies were stored under refrigeration (2-8°C) for 6-12 months or at elevated temperatures (21-27°C) light protected for up to 6 months or without light protection for up to one month. Osmolality and pH were measured on predefined intervals. Results: The concentrations of E in 50 mL syringes and NE in 10 mL syringes remained unchanged over a period of 6 months when stored at 2-8°C. NE preparations of different concentrations prepared in amber glass vials remained stable over a study period of 12 months. At RT the shelflife decreased to about 6 months and the exposure to mixed daylight at RT caused loss of stability in only few days. Conclusions: Batch wise preparation of ready-to-administer (RTA) preparations containing 20 µg/mL E or 10 µg/mL NE in disposable syringes as well as ready-to-use (RTU) preparations containing 40, 100, 200 and 400 µg/mL NE was
Introduction
Catecholamines, such as epinephrine (E) or norepinephrine (NE) are potent α-symptomimetic drugs preferably used in emergency cases and intensive care patients for the treatment of hypotension, shock and cardiac arrest. Injection solutions in ampoules or vials marketed in Germany (Suprarenin ® , Arterenol ® ) contain 1 mg/mL (1:1000) of E or NE as active substance. Prior to intravenous administration the products are to be diluted with 5 % glucose infusion solution. E and NE injection solutions are categorized as high alert medication causing significant patient harm when used in error [1] . Medication errors have occurred due to confusion of the appropriate concentrations to be administered and erroneous performance of the dilution process [1] . To lower the error risk it is common sense that standard concentrations should be defined for medicinal products, especially when they are administered by continuous injection with syringe pumps. Patient individual dosing can be achieved by adjusting the injection rate. In order to increase patient safety and decrease the delay caused by dilution of the medicine in emergency cases, the hospital pharmacy can produce ready-to-use and ready-toadminister preparations. A ready-to-administer preparation (RTA) presents the medicinal product at the required concentration and volume in the final container such as syringe. A ready-to-use preparation (RTU) presents the medicinal product at the required concentration and volume in a container. The content has to be transferred to a final administration device such as syringe, infusion bag for administration to the patient. The concept of standard concentrations in pre-filled containers has been successfully implemented in the University Medical Center Mainz for the treatment of adult patients. Various E and NE containing RTA preparations in syringes and RTU preparations in amber glass vials are produced batch wise in the pharmacy department and supplied to the wards. According to the German law batch wise preparation is possible without a manufacturing license if the preparations are exclusively used in the hospital where the pharmacy department is belonging to. However, quality and safety of the preparations must be ensured by following the Good Preparation regulations [2, 3] and using validated procedures and accurate documentation for the process and quality control. The extent to which quality control tests of the finished product are performed should take stability information into account. Stability studies are to be performed to determine shelf-lives and usage periods. Catecholamines degrade rapidly via oxidative reactions which are catalyzed by oxygen, pH > 6, heavy metal ions, heat and UV-Vis. Well known degradation products are adrenochrome and noradrenochrome [4, 5] . However, there are no acceptance limits defined for the content of degradation products in the relevant monographies of the Ph. Eur. and the USP [6, 7] .
The degradation rates of individual catecholamines vary and NE is more stable than E. The degradation rates of licensed E and NE injection solutions may vary according to the amount of antioxidative agent (e. g. sodium metabisulfite), pH, and type of container used. Moreover, temperature and the extent of light exposure are to be considered during storage and use of the medicinal products. A review of stability studies regarding E and NE injection solutions and the influence of dilution and concentration of excipients was recently published by Hoellein et al. [5] . The objective of our study was to evaluate the physicochemical stability of RTA and RTU preparations containing E and NE in standardized concentrations and prepared batch wise in the Pharmacy Department of the University Medical Center Mainz as basis for assigning shelf-lives.
Materials and methods
Aseptic preparation of Epinephrine 20 µg/mL and Norepinephrine 10 µg/mL ready-toadminister injection solution E injection solution 20 µg/mL (i. e. 24 µg/mL E hydrochloride) in 50 mL syringes and NE injection solution 10 µg/mL (i. e. NE hydrochloride 12.2 µg/mL) in 10 mL syringes were aseptically prepared batch wise in the aseptic preparation facility of the Pharmacy Department of the University Medical Center Mainz according to the Good Preparation Guide PIC/S PE 010-4 Annex 1 (Aseptic processing) and the German Pharmacy Ordinance [2, 3] . End product control and release were performed according to the German Pharmacy Ordinance. For further information see Table 1 .
Manufacture of Norepinephrine injection solution 40 µg/mL, 100 µg/mL, 200 µg/mL, 400 µg/mL in 50 mL glass vials Test batches of 100 × 50 mL NE injection solutions of the concentrations 100 µg/mL, 200 µg/mL, and 400 µg/mL in amber glass vials were manufactured in the sterile production facility of the Pharmacy Department of the University Medical Center Mainz according to the Good Preparation Guide PIC/S PE 010-4 Annex 1 (preparation of terminally sterilized products) and the German Pharmacy Ordinance [2, 3] ; see Table 1 .
Routine batches of the NE injections solutions 40 µg/mL and 400 µg/mL (60 L bulk solution) were manufactured as described in Table 1 . After sterilization in the final container each vial was inspected for defects and presence of visible particles. The vials were labeled corresponding to the legal requirements and packed into cardboard packages of 20 × 50 mL (Iphas Pharma Verpackung GmbH, Würselen, Germany). End product control and release were performed according to the German Pharmacy Ordinance.
Storage of test solutions
Epinephrine 20 µg/mL injection solution in 50 mL syringes Stability tests were performed with 30 syringes randomly picked from a routine batch. The syringes with photo resistant barrels were stored at 2-8°C in the refrigerator or at RT (21°C or 27°C) on a shelf without additional light protection. In order to study the influence of daylight, 3 syringes were picked and 20 mL of the content were transferred to 20 mL disposable BD Discardit ® syringes with transparent barrels and stored on a shelf without additional light protection.
Norepinephrine 10 µg/mL injection solution in 10 mL syringes
Stability tests were performed with 30 syringes randomly picked from a routine batch. The syringes with transparent barrels were either stored at 2-8°C or at RT without additional light-protection.
Norepinephrine injection solution 100 µg/mL, 200 µg/mL, 400 µg/mL in 50 mL glass vials
All test batches were stored refrigerated at 2-8°C. At the predefined intervals 3 vials were randomly picked for stability tests. Preparation process  mL of G % +  mL water for injection were pumped with the Baxa MicroMacro™ Compounder (Baxa Ltd, Aarhus C, Denmark) into an empty  mL infusion bag and mixed.  mL of  mg/mL E injection concentrate were transferred to the glucose vehicle solution, thoroughly mixed and aseptically filled with the medoc xxVMC Compounder (ICU Medical Germany GmbH, Lüdenscheid, Germany) into  mL syringes. Two syringes each were packed into a transparent plastic bag and heat sealed. During storage lighttight plastic boxes were used as outer packaging material.
 mL of G % +  mL water for injection were pumped with the Baxa MicroMacro™ Compounder (Baxa Ltd, Aarhus C, Denmark) into an empty  mL infusion bag and mixed.  mL of NE injection concentrate were transferred to the glucose vehicle solution in the infusion bag and thoroughly mixed. The resulting bulk solution containing  µg/mL NE was automatically filled, stoppered and labeled with the Baxa Rapid-Fill (Baxa Ltd, Aarhus C, Denmark) into  mL syringes. Ten syringes were packed in an aluminium bag and sealed.
The appropriate amounts of Ph. Eur. NE hydrogentartrate monohydrate as active substance and the excipients were weighed. The ingredients were added to about  mL of water for injection which was pre-purged with nitrogen for  min. During the dissolution process purging was continued. The pH was adjusted to . and . with HCl  %, and water added to achieve an exact overall volume of . mL bulk solution. The bulk solution was filled in  mL Type I amber glass vials using the Plümatex pump (Plümat, Espelkamp, Germany) and the content of the vial purged again with nitrogen to displace the oxygen in the headspace of the vials. Vials were closed with stoppers and caps. Finished products were autoclaved for  min at °C,  bar. The vials were labeled as test products (not for human use) and specified analytical tests performed.
Norepinephrine injection solution 40 µg/mL, 400 µg/mL in 50 mL glass vials From routine batches of each concentration 18 vials were randomly picked and used for stability testing. 15 vials were stored at RT with a light-tight secondary packaging. The content of 3 vials was withdrawn into three disposable 50 mL syringes with transparent barrels (OriginalPerfusor ® -Spritzen, B.Braun Melsungen AG, Melsungen, Germany) and stored on a shelf without additional light protection.
Temperature was monitored with temperature loggers throughout the storage periods.
Sample preparation
Samples were withdrawn from 3 vials or syringes at each predefined time point as seen in Table 2 and assayed without (E 20 µg/mL, NE 10 µg/mL, 40 µg/mL) or with further dilution (NE 100 µg/mL, 200 µg/mL, 400 µg/mL). Dilution was performed with water HPLC grade in order to achieve a concentration of 40 µg/mL NE.
Each sample was assayed in triplicate (n = 9 concentrations, i. e. one sample taken from each of 3 test products per timepoint). Additional samples were withdrawn for testing the physicochemical stability. Osmolality and pH were determined once in one sample of 3 test products (n = 3).
Determination of chemical stability HPLC Assay
E and NE concentrations were determined by a stabilityindicating reversed-phase high-performance liquid chromatography (RP-HPLC) assay with photodiode arraydetection (PDA).
The HPLC system consisted of a Waters Alliance 2695 with a Waters 996 PDA. Data were acquired and integrated by using Waters Empower Pro, Empower Build 1154 Software, version 5.00.00.00 (Waters Eschborn, Germany).
For quantitave analysis of E in the injection solutions a specific HPLC-assay was developed. For quantitave analysis of NE in the injection solutions a known HPLCassay was adapted [10, 11] . The characteristics are given in Table 3 .
Validation of the RP-HPLC assays
The assays were validated following the ICH Q2 (R1) guidelines for stability studies [12] .
Suitability
Suitability of the HPLC method was evaluated by analyzing forced degraded solutions. Aliquots of the commercially available E injection solution were alkalized to pH 8 and 11 with 1 N NaOH and heated. Aliquots of the commercially available NE injection solution were diluted to 10 µg/mL and either alkalized to pH 14 with 1 N NaOH or acidified to pH 1 with 1 N HCl or purely heat degraded. Alkalized and acidified aliquots were analysed prior to and after heating. Additional experiments were performed with the commercially available medicinal products which were used as educts in order to detect possible interferences of the peaks of the active substances with the peaks of excipients.
Linearity
Linearity of the method was proven by analyzing seven different concentrations of E and NE. Calibration Table 2 : Storage conditions and timepoints of sampling of the E and NE injection solutions.
Days Months Days
Storage Temperature
NE 400 µg/mL was additionally determined at month 9, b NE 10 µg/mL was measured after 4 and 10 month instead of 6 and 12 months.
standards containing E hydrochloride (Suprarenin ® 25 mg/25 mL, Sanofi-Aventis Deutschland GmbH, Germany, linearity range: 5 µg/mL-15 µg/mL), NE hydrochloride (Arterenol ® 1 mg/mL, Sanofi-Aventis Deutschland GmbH, Germany, linearity range: 10 µg/mL-30 µg/mL), NE tartrate (Norepinephrine hydrogen tartrate powder (Sanofi-Aventis Deutschland GmbH, Germany) in Water HPLC grade (1 mg/mL norepinephrine), linearity range: 20 µg/mL-60 µg/mL) were prepared by diluting commercially available injection concentrates with HPLC water or dissolving in HPLC water. Each calibration standard was injected in triplicate.
Accuracy and precision
Intraday accuracy and precision were validated with 10 quality control standards of E 20 µg/mL, NE (hydrochloride) 10 µg/mL and NE (tartrate) 40 µg/mL with 28-foldinjection. Interday accuracy and precision were validated by analyzing the quality control standards on five or three different days for E hydrochloride and NE tartrate.
Robustness
Robustness of the assay was evaluated by using different batches of mobile phase and different temperatures during the validation assays.
Stability
Test and routine batches were released when the actual concentrations of E and NE were not less than 95.0 % and not more than 105.0 % of the nominal value. A product was declared as stable when the measured concentration was ≥ 90 % of the initial concentration designated as 100 %.
pH, osmolality
pH measurements were performed with a pH 210 Microprocessor pH-Meter (Hanna Instruments, Kehl am Rhein, Germany) equipped with a pH glass electrode (Mettler Toledo, Gießen, Germany). Calibration was performed with calibration standards (pH 4.01 and 10.01) from Hanna Instruments.
Osmolality measurements were performed with Osmometer M30 (Gonotec GmbH, Berlin, Germany). Calibration was performed with calibration standard 1 mL 300 mosmol/kg NaCl/H 2 O (Gonotec GmbH, Berlin, Germany) according to chapter 2.2.35 Ph.Eur.
Visual inspection, visible particles
Test solutions were visually inspected for particulate matter and changes in color whenever test solutions were picked and samples were withdrawn. Solutions without changes were defined as physically stable.
Results

Chemical stability
Suitability of the assays was shown by forced degradation tests. Alkalization of E and NE solutions with NaOH resulted in reduced parent peaks, a peak corresponding to adrenochrome (480 nm) and additional peaks of not identified degradation products with rel. R t < 1 (s. Figure 1) . None of the degradation peaks interfered with the parent peak of E and NE. Corresponding to the methyl group in the aminoalkyl sidechain E revealed to be less stable than NE.
The HPLC methods developed for the E and NE containing injection solutions were robust and the validation parameters met the ICH Q2 (R1) criteria (compare Table 4 and Figure 2-3) .
Epinephrine 20 µg/mL injection solution in 50 mL syringes
The epinephrine concentration decreased in the E 20 µg/ mL RTA injection solution to about 97 % of the initial concentration over a period of 6 months under refrigerated storage conditions (2-8°C). Detailed results are given in Table 5 . When stored at a temperature of 21°C the injection solutions were stable for 14 days. When stored at 27°C the injection solutions were only stable for 3 days irrespective of light exposure (compare Table 6 ).
Norepinephrine 10 µg/mL injection solution in 10 mL syringes NE injection solutions 10 µg/mL in 10 mL syringes revealed to be stable over a period of 6 months when stored refrigerated and 28 days when stored at RT (compare Table 7 ).
Norepinephrine injection solution 40, 100, 200, 400 µg/ mL in 50 mL vials NE injections solutions 100, 200, 400 µg/mL in 50 ml vials remained stable over a period of 12 months when stored refrigerated (compare Table 8 ). NE injection solutions 40 µg/mL and 400 µg/mL were stable over a period of 28 days when stored at RT and light-protected. When NE 400 µg/mL injection solution was transferred to disposable syringes with transparent barrels NE concentration decreased to 94 % in a period of 14 days. For the NE 40 µg/mL injection solution the exposure to light was deleterious (Table 9 ).
pH measurement, osmolality
Only slight changes of pH and osmolality became obvious when the test products were stored refrigerated up to 12 months (data not shown in a table). pH values decreased in test solutions stored at RT over time as shown in Table 10 . In test solutions stored at RT with light protection the pH values also varied only slightly over a storage period of 28 days. However, when the test solutions were exposed to light the pH values decreased significantly over time. In parallel, osmolality increased over time, especially when the test solutions were exposed to mixed daylight.
Discussion
As epinephrine and norepinephrine are categorized as high alert medication, RTA injection solutions in syringes and RTU injection solutions in glass vials should be prepared in standardized concentrations in the pharmacy departments of hospitals. The batch wise processed products are subject to analytical tests, e. g. determination of the active substance content prior to release of the batch. Stability testing is essential for assigning shelf lives and in-use storage periods. The concentrations of E and NE are in general determined by RP-HPLC assays according to the Pharmacopoeia [Ph. Eur].
HPLC assay and physicochemical stability
Variations of the HPLC assays are used for stability testing of diluted E and NE injection solutions [5, 13, 14] . Based on the known methods [10, 11] we established an HPLC assay for quantitative analysis of NE using the µBondapak C18 column and SDS containing mobile phase. The assay revealed to be robust and met the validation criteria of the relevant ICH Guideline. However in daily practice we observed that the retention time of the NE peak increased over time. To avoid this phenomenon after 12 injections the column is to be flushed by an admixture of 95 % water HPLC grade and 5 % acetonitrile for a period of 20 min.
Because of this additional effort we decided to develop an alternative assay for the quantification of E based on the cation exchange principle and installed the Nucleodur HILIC column. The mobile phase consists of ammonium acetate buffer and acetonitrile. The column and the mobile phase revealed to be fragile. However the assay met the validation criteria of the relevant ICH Guideline and was used for stability testing. Suitability of the assay was shown by forced degradation under acidic and alkalized conditions with and without heat. Most degradation peaks were registered after alkalization, since higher pH values enforce the degradation process and the formation of red colored adrenochromes. Hence, the suitability of the HPLC assay for E was solely tested by alkaline induced degradation and pure heat. Peaks of the resulting adrenochrome did not interfere with the parent peak. For the calibration of the HPLC assay, in general standard solutions prepared from reference substance of the active ingredients are used. In this case, dilutions of the commercially available injection concentrates were used, because these are applied as source solutions in aseptic preparation. No matrix effects and interference between active ingredients and excipients were found during HPLC analysis.
Another limitation of our study is the lacking determination of subvisible particles. These tests are only run for batch release of the RTU products and were never out of specification.
RTA preparations
When the decision was made to use standardized concentrations of E (20 µg/mL) and NE (10, 40, 100, 200, 400 µg/mL) in emergency cases and intensive care units in our hospital, the pharmacy department developed formulations and aseptic preparation processes. The most convenient way to prepare RTA injection solutions in syringes is to dilute commercially available injection concentrate with vehicle solution and to fill the required volume in suitable primary containers. Because of the pH-dependent stability of E and NE, weakly acidic 5 % glucose solution was used as vehicle for RTA preparations resulting in pH values of about 5. However sterility is to be ensured by aseptic preparation and terminal sterilization processes are not applicable. Shelf life of these preparations is limited by the microbiological stability. RTA preparations containing 20 µg/mL E or 10 µg/ mL NE in disposable syringes revealed to be physicochemically stable at refrigerated temperatures for more than 6 months, which is longer than the designated shelf life based on microbiological stability. According to our quality controls and environmental monitoring program we limit the shelf-life for RTA preparations in disposable syringes to a maximum of 3 months. Long-term stability of similar preparations regarding the concentrations of E and NE and syringes as primary containers are not yet published. The decreased stability of these preparations at elevated temperatures (21°C, 26°C) and light exposure corresponds to the known stability determining factors. Adams et al. reported that concentrations of E 50 µg/mL RTA preparations (vehicle solution G5 %) stored at 20-25°C remained unchanged for 4 days (max. test period) [15] . Commercially available E 1 mg/mL injection solution filled into 1 mL syringes with a pH range of 3.17-3.23 remained stable when stored at RT for 3 months (after 1 month: E = 101.4 %, after 3 months: E = 101.2 % of the nominal concentration) [16] . To our best knowledge no further studies of similar RTA preparations are available. Administration of the RTA preparations over a period of 24 hours does not affect stability.
RTU preparations
Extended shelf lives are applicable when terminally sterilized RTU preparations are produced in glass vials. Moreover, the preparation is more efficient, less time consuming and larger batch sizes are feasible.
For NE RTU preparations we designed a formulation based on the formulation of the licensed medicinal product. We omitted the preservative because of single use and increased the sulfite concentration to reduce oxidation. Degradation of NE was further decelerated by adjusting the pH to 3.4-3.8, addition of EDTA as excipient, purging the bulk solution with nitrogen, using amber Type I glass vials and flurotec stoppers as primary packaging material. The formulation revealed to be sterilizable by moist heat Table 5 : Stability of E 20 µg/mL injection solution in 50 mL syringes stored at 2-8°C. Concentration expressed as mean ± realative standard deviation of triplicate assays of three test solutions (n = 9). Drug concentrations in samples taken at time zero were designated as 100 %.
E  µg/mL injection solution stored in plastic syringes, n = 
Storage condition -°C
Storage period
Measured concentration
Initial concentration remaining ± RSD
. . ± . Table 6 : Stability of E 20 µg/mL injection solution in 50 mL syringes stored at 21°C and 27°C with/without light-protection. Concentration expressed as mean ± realative standard deviation of triplicate assays of three test solutions (n = 9). Drug concentrations in samples taken at time zero were designated as 100 %.
E  µg/mL injection solution stored in plastic syringes at T > °C, n =  without loss of content. RTU preparations containing NE in the concentration range of 40 to 400 µg/mL remained stable for more than 12 months. At RT the shelf-life decreased to about 6 months and the exposure to mixed daylight at RT caused loss of stability in only a few days.
The results regarding mixed daylight exposure are not reliable because of lack of standardization of the stability influencing factors. The content of the 10 µg/ mL NE syringes was protected from light by the labels while the content of 400 µg/ml NE syringes was Table 7 : Stability of NE 10 µg/mL injection solution in 10 mL syringes stored at 2-8°C or RT without light-protection. Concentration expressed as mean ± realative standard deviation of triplicate assays of three test solutions (n = 9). Drug concentrations in samples taken at time zero were designated as 100 %. Peaks corresponding to adrenochromes were not detected in any of the HPLC-PDA chromatograms at the detection wavelength of 480 nm. During visual inspection of the test solutions color changes were not obvious. Table 9 : Stability of NE injection solutions stored in 50 mL at RT with or without light-protection. Concentration expressed as mean-± realative standard deviation of triplicate assays of three test solutions (n = 9). Drug concentrations in samples taken at time zero were designated as 100 %. 
NE injection solution in
Conclusion
Batch wise preparation of RTA preparations containing 20 µg/mL E or 10 µg/mL NE in disposable syringes as well as RTU preparations containing 40, 100, 200 and 400 µg/ mL NE was successfully implemented in a pharmacy department. Storage of the preparations at refrigerated temperatures is required to obtain acceptable shelf-lives of 6-12 months. Elevated temperatures and especially exposure to mixed daylight significantly decreased the shelf life.
